Gene modification by synthetic single-stranded oligodeoxyribonucleotides (ssODNs) is a promising alternative to existing strategies for the generation of subtle mutations in mouse ES cells [1, 2] 
Introduction

Gene modification by synthetic single-stranded oligodeoxyribonucleotides (ssODNs) is a promising alternative to existing strategies for the generation of subtle mutations in mouse ES cells
. [3] . Alternatively, short ssODNs of 40 nt can be used to modify a single or a few bases in a specific location of the genome without altering the genomic organization.
These strategies are based on targeting vectors that upon homologous recombination (HR) integrate a selectable marker gene together with the desired genetic alteration into the gene of interest. Construction of these targeting vectors can be laborious and time-consuming. Moreover, although the marker gene is subsequently removed by Cre/lox-mediated recombination, traces of exogenous DNA are inevitably left behind in the target locus
In mouse ES cells, ssODN-mediated gene targeting frequencies range from 10
Ϫ7 to 10 Ϫ4 and are relatively low compared to those found in other mammalian cell lines [4] [5] [6] [7] . Previously, we have demonstrated that the DNA mismatch repair (MMR) system strongly impaired the introduction of genetic alterations by ssODNs in mouse ES cells [2, 4] [1] . This effect has been confirmed in human hepatocytes [8] and in an episomal reporter system in mouse embryonic fibroblasts (MEFs) [9] . Thus, by transiently disabling the MMR system we could develop a simple and rapid procedure for the generation of mutant mouse ES cells. Importantly, the resulting mutant ES cells retained their pluripotency and mutant alleles could successfully be transmitted through the mouse germline [1, 2] . [10] ). Many reports have shown that antisense ssODNs (i.e. complementary to the non-transcribed strand) are more effective than sense ssODNs [5, [11] [12] [13] . Protection of ssODN against nucleolytic degradation by 2Ј-O-methyl RNA residues [5, 11] , phosphorothioate (PTO) linkages [12, 13] or locked nucleic acid (LNA) bases [14, 15] seemed to enhance targeting frequencies. Transcriptional activity promoted ssODN-mediated gene targeting in inducible episomal reporter systems in Escherichia coli [16, 17] , Saccharomyces cerevisiae [12] and mammalian cells [18] . However, in chromosomal reporter systems in E. coli it has been shown that the direction of replication rather than the direction of transcription influenced the targeting frequency [16, 17, 19, 20] . By [20, 25] . Nonetheless, DNA repair proteins may be involved in promoting various steps of the targeting process, because gene targeting frequencies were elevated upon overexpression of HR proteins [26, 27] or endonucleases [28] and upon treatment with DNA-damaging agents [29, 30] .
In 
Materials and methods
Cell lines and culture conditions
129/Ola-derived E14-IB10 ES cells [31] [31] .
Neo reporter cell lines
We developed a selectable mutant neomycin (neo) reporter cell line in which the start codon of the neo resistance gene was mutated from ATG to AAG (Fig. 1) 
ROSA-TET cell lines
Drug treatment and colony survival
RNA interference
We used the pSUPER vector containing a puromycin resistance gene for expression of shRNAs [33] . [4] . ssODNs of [35] [36] [37] Fig. 2A and B 
Results
Reporter system
As a read-out for the frequency of ssODN-mediated gene targeting, we used our previously described neomycin (neo) reporter system in which the neo gene was mutated by a single-base substitution in the start codon (ATG to AAG; Fig. 1). A single copy of this mutant neo gene was stably integrated into the Rosa26 locus of Msh2-deficient and wild-type mouse embryonic stem (ES) cells
Transcription
We showed that ssODNs in the sense orientation were more effective than ssODNs in the antisense orientation (Fig. 2) . In contrast, others have shown that antisense ssODNs, that is, complementary to the non-transcribed strand, were more effective than sense ssODNs [5, [11] [12] [13] . This strand bias has been attributed to the increased accessibility of the non-transcribed strand for ssODN annealing during transcription, suggesting that transcription has a beneficial effect on ssODN-mediated gene targeting [18] . To gain [23, 24] [21] [22] [23] [24] . Because approximately 50% of asynchronously growing ES cells are already in S phase (unpublished observation), we attempted to reduce the rate of replication fork progression, rather than increasing the number of cells progressing through S phase. We used low doses of two different replication inhibitors: aphidicolin, which directly inhibits the replicative polymerases ␣, ␦ and ε by competing with dCTP binding [34] , and hydroxyurea, which inactivates ribonucleotide reductase, thereby depleting cellular dNTP pools [35] . (Fig. 5A, black bars) . However, aphidicolin treatment also reduced the colony-forming ability of ES cells (Fig.  5B) . When targeting efficiencies were corrected for this decreased survival, aphidicolin treatment had no significant effect on the targeting efficiency (Fig. 5A, white bars) . In contrast, when cells were treated with hydroxyurea, targeting frequencies increased to 148% at 50 M hydroxyurea (Fig. 5C,  black (Fig. 5D) . After correction for this decreased survival, targeting efficiencies reached levels of 179% at 50 M hydroxyurea to 186% at 150 M hydroxyurea (Fig. 5C , white bars). These findings suggest that the ssODN anneals to its homologous target region within the context of a replication fork.
Slowing replication fork progression
More evidence that replication plays an important role in ssODNmediated gene targeting comes from the observation that S phase appeared to be the preferred cell-cycle phase for gene correction
. Synchronization of cells at the G1/S phase or slowing down replication fork progression has led to increased targeting frequencies in a variety of mammalian cell lines
Msh2-deficient ES cells were exposed to increasing concentrations of aphidicolin or hydroxyurea between 6 hrs before and 22 hrs after transfection of ssODN 3N. Then, part of the cells were plated to assess the colony-forming ability, whereas the remainder of the cells were plated in G418-containing medium to assess the © 2009 The Authors Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 4 Effect of the orientation of the neo reporter gene on ssODN-mediated gene targeting. (A) Fwd and Rev neo cell lines contain a single copy of the mutant neo gene integrated in opposite directions at the same chromosomal position in the Rosa26 locus of Msh2-deficient ES cells. The direction of the Rosa26 promoter is indicated by an arrow. (B) Correction of the neo gene by sense ssODNs (black bars) or antisense ssODNs (white bars) in the Fwd and Rev neo cell lines. Targeting efficiency is the number of G418-resistant colonies
bars). Higher concentrations of hydroxyurea resulted in a gradual decrease in targeting efficiency, reflecting the reduced colony survival at these doses
DNA repair pathways
Treatment with DNA-damaging agents has been shown to stimulate ssODN-mediated gene targeting, which has been attributed to the induction of DNA double-strand breaks [29, 30, 36] . In addition, (over)expression of the HR proteins Rad51 and Rad54 may promote annealing of the ssODN with its target region [26, 27] , whereas nucleotide excision repair (NER) endonucleases ERCC1/XPF and XPG may be involved in resection of the target region to facilitate ssODN incorporation [28] .
We Fig. 6 , none of the tested knock-down vectors resulted in a significant change in targeting efficiency in Msh2-deficient ES cells (Fig. 6, black bars) (Fig. 2) . This preference for sense ssODNs has been confirmed in some reports [7, 17, 36, 37] , whereas others have shown a preference for targeting by antisense ssODNs [5, [11] [12] [13] . A possible explanation for this difference in reported strand biases could be the type of read-out used to determine the targeting frequency. The chromosomally integrated mutant EGFP [13, 22] or LacZ [5, 11] [12, [16] [17] [18] , these findings may not apply to ssODN-mediated targeting of chromosomally located genes [5] .
In E. coli, a clear correlation was observed between the direction of replication and preferential targeting by ssODNs with the same sequence as the nascent lagging strand [16, 17, 19, 20] . In contrast, the strand bias did not change in two CHO cell lines carrying an mEGFP reporter gene in opposite directions at the same chromosomal location [13] . In the mEGFP-rev CHO cell line, the correction frequency of antisense ssODNs was twofold lower than in the mEGFP-fwd CHO cell line, whereas correction by sense ssODNs was undetectable in both cell lines. Similarly, in our Rev neo ES cell line, sense ssODNs were less effective than in the Fwd neo ES cell line, although the frequency of antisense ssODNs remained unchanged (Fig. 4B) (Fig. 5C ). Yet, slowing down replication fork movement by aphidicolin had no effect on the targeting efficiency (Fig. 5A) . Replication fork stalling can induce uncoupling of the replicative polymerase and helicase activities, resulting in the formation of ssDNA [40, 41] . Perhaps, higher doses of aphidicolin were required to effectively inhibit the replicative polymerases resulting in this uncoupling and the formation of ssDNA. (Fig. 5B and D (Fig. 6 ).
Unfortunately, ES cells are highly sensitive to inhibition of replication fork progression and readily undergo apoptosis, because higher doses of replication inhibitors clearly reduced the viability of the cells
In conclusion, we have demonstrated that unmodified ssODNs of [35] [36] [37] [38] [39] [40] 
